This study focuses on the stress intensity factors for free edges in multi-layered structural components. The effects of elastic constants of various material combinations on the weak singularity at free edges are analyzed. Using the H-integral approach, the effects of elastic mismatch parameters, the bond area and the thickness of the thin metal layer on the stress intensity factor are quantified and the results are compared with detailed finite element solutions. A good agreement between numerical predictions obtained from the H-integral and the detailed FE results is achieved, showing the applicability of this approach. Similar to a crack problem, the singular elastic field dominates in an annular region adjacent to the notch tip. The relationship between the valid range of the K-dominated field and the thin-film thickness is then demonstrated. Furthermore, the competition of crack initiation between the free edge interface (180°o pening angle) and a 90°notch interface in a generic specimen is investigated, in order to find out which is the prevailing failure mode. Comparison between isotropic Si and anisotropic Si substrate is also illustrated. Anisotropy of the Si substrate has a significant influence on the stress intensity factor when combined with an Au or Al metal layer but not with a Cu layer. Additionally, standardized numerical formulae of the dimensionless stress intensity factor have been derived to guide the engineering application.
Introduction
Multi-layered thin films on silicon substrates are often used in micro-electro-mechanical systems (MEMS) because they provide certain advantages over mechanical connectors. By virtue of elastic mismatch and/or notch angle, stress concentrations may develop at the notch corner ( Fig. 1 ) and a weak singularity (k > 0.9) may exist at free edges (Fig. 2) . Weak singularities can cause malfunctions and result in mechanical failures. An interface edge and a notch are critical positions for crack initiation. Subjected to the remote mechanical loading, the interface stress field around the notch corner is proportional to K n m r kmÀ1 ðm ¼ 1; 2; . . . NÞ where N is the number of eigenvalues available from the characteristic equation. Superscript n indicates the notch for the sake of distinction from the stress intensity factor K m in classical fracture mechanics, r is the radial distance from the notch corner and k m À 1 is the order of the stress singularity. The stress field is singular for 0 < Reðk m Þ < 1 where Reðk m Þ is the real part of k m . Here K n m is the intensity of notch stress field with respect to eigenvalue k m . The dependence of the order of notch stress singularity on the material properties and on the notch geometry is well understood (e.g., Williams, 1952; Carpenter, 1984a,b; Hutchinson and Suo, 1992; Chen and Nisitani, 1993; Yang and Munz, 1997; Labossiere and Dunn, 1999; Paggi and Carpinteri, 2008) . The magnitude of critical K n m depends not only on joint geometry, material properties and applied load, but also on failure mode, residual stress, mode mixity and loading alignment, see Shang et al. (2008) . The knowledge of both K n m and k m is needed to fully describe the stress and displacement fields near the interface corner. Therefore, the motivation for our work is to properly characterize the singular stresses and associated displacements so that joint geometries and material combinations can be appropriately chosen to minimize risk of failure. In addition, if more than one critical position exists to render failure in a structure, for instance, interface X and interface Y shown in Fig. 3 , the evaluation of interface strength becomes an important issue. As far as we know, very few studies have concerned the competition between different notches in MEMS components. Carpinteri and Paggi (2007) discussed the competition between different failure modes for the problem of crack propagation from the fracture mechanism's point of view. In comparison, we herein focus on various notch angles and from the mechanical perspective address the competition between different crack initiation sites to find out which is the prevailing failure mode in multi-layered structures. In addition, one dielectric layer SiO 2 (Fig. 3) often is grown or deposited on the silicon substrate during the bonding process. However, Kitamura et al. (2007) reported that the effect of this thin interlayer on the stress distributions along the interface is negligible. Hence, in the current study we omit this layer.
The failure initiation criterion at interface corners has been discussed in many studies (e.g., Sinclair, 1985; Carpenter and Byers, 1987; Munz and Yang, 1993; Carpenter, 1995; Yang and Munz, 1997; Labossiere and Dunn, 1998; Dunn et al., 2000; Reedy and Guess, 2002; Qian, 2001; Wang et al., 2002) . Mainly two different failure criteria have been proposed to predict the failure initiation at sharp notches ( Fig. 1 ) or wedge corners (e.g., Luo and Subbarayan, 2007) . One is based on the assumption of ''small scale yielding" near the corner. The failure occurs when the dominating stress intensity factor reaches a critical value (e.g., Hutchinson, 1990; Reedy and Guess, 1993; Yin, 1999) . Alternatively, failure occurs when the function of comparable stress intensity factors, for example in the K I À K II space in case of mixed-mode deformation, reaches a critical value (e.g., Labossiere et al., 2002) . In the other approach, failure starts at the notch corner when the strain energy density at a point ahead of the notch reaches a critical value (e.g., Sih and Ho, 1991) . Our paper addresses methods for crack initiation analysis at free edges and the stress intensity factor-based approach will be employed. A convenient computational procedure using the path independent H-integral approach is utilized. With this, the stress intensity factor for a general notch problem is obtained. The H-integral approach for cracked isotropic solids, pioneered by Stern et al. (e.g., Stern et al., 1976; Stern and Soni, 1975, 1976; Hong and Stern, 1978; Stern, 1979) and Snyder and Cruse (1975) , was extended by Carpenter (1984a) , Sinclair et al. (1984 Sinclair et al. ( , 1985 and Babuska and Miller (1984) to notched solids in isotropic media where both mode I and mode II loading were taken into account. This was further extended to an isotropic bimaterial notched body by Carpenter and Byers (1987) and Banks-Sills (1997) , and applied by Labossiere and Dunn (1999) to a general sharp notch with anisotropic materials. The effect of higher order terms ðk m > 1Þ on the stress state near the interface corner of a bi-material joint is demonstrated by Qian and Akisanya (1999) . For the last decades, there has been much development of special hybrid and displacementbased finite elements in order to improve the accuracy of the solu- Fig. 1 . Schematic plot of a closed integration contour around a general corner in dissimilar materials where Fig. 3 . Schematic plot of the generic specimen and loading conditions. tion. Nonetheless, the H-integral approach differs from the other methods in that a path independent contour integral combining finite element results with an asymptotic analysis is evaluated. With this, no special elements are required, relatively coarse finite element meshes can be used and complicated loading and boundary condition can be easily handled, thus avoiding time-consuming mesh refinement near the singularity. This paper is organized as follows. First, the theoretical free edge singularity is calculated for a bi-material system and the actual stress fields in the multi-layer system are then analyzed by detailed finite element simulations. Second, some standardized numerical formulae are provided, that are useful for engineering applications. Furthermore, using the H-integral approach, the effects of the elastic mismatch parameters, the bond area and the thickness of the thin metal layer on the stress intensity factor are investigated and quantified. Fourth, the competition of crack initiation between a free edge interface (180°opening angle) and a 90°n otch interface in a generic MEMS specimen (Fig. 3) is discussed. Finally, numerical predictions obtained from the H-integral approach are shown to be in agreement with the detailed finite element solutions, demonstrating that the former is applicable for multi-layered structures with weak singularities. The relationship between the K-dominated field and the thin-film thickness is provided.
Asymptotic analysis
In order to obtain the order of stress singularity, which depends both on the notch angle and on the elastic parameters, a preliminary asymptotic analysis of the stress field has to be carried out first. Asymptotic analysis of the singular stress field at the vertex of reentrant corners involves two eigenvalue problems. One is material related and the other is geometry related. The theory is briefly summarized in this section.
It is well known from Williams (1952) that the eigen-equation in a notched/cracked body for an isotropic material (i.e. a = b in Fig. 1 ) can be represented by Eq.
(1) where plus sign and minus sign are associated with the opening mode and sliding mode, respectively
The stress singularity depends only on the notch angle c regardless of material. For a crack, a ¼ b ¼ p, Eq. (1) simplifies to sin 2pk I ¼ sin 2pk II ¼ 0 and the stress singularity is À1/2; for an edge, a = b = 90°, the stress singularity disappears. Furthermore, the characteristic equation of the stress singularity for a general re-entrant corner with two arbitrarily oriented traction free surfaces at h = a and h ¼ Àb is expressed by Carpenter (1984a) det cosð2kbÞ À cosð2kaÞ Àsinð2kbÞ À sinð2kaÞ þk cosð2bÞ À k cosð2aÞ þk sinð2bÞ þ k sinð2aÞ
sinð2kbÞ þ sinð2kaÞ cosð2kbÞ À cosð2kaÞ þk sin 2b ð Þþk sinð2aÞ Àk cos 2b ð Þþk cosð2aÞ
The general configuration for a notch/wedge/crack geometry in dissimilar anisotropic materials is addressed here, see Fig. 1 . Such a situation usually results in mixed-mode deformations and the stress fields are no longer symmetric and/or anti-symmetric. In general, the stresses and displacements in the vicinity of the interface corner are obtained using complex variable methods or the Airy's stress function approach. Using either of these methods, it can be shown that the asymptotic fields near the interface corner can be expressed as ðhÞ is the constant stress field ðReðk m Þ ¼ 1Þ independent of the radial distance from the notch corner and u M i0 ðhÞ is the associated displacement field near the interface corner. These terms can be determined analytically and are finite for thermal loading and/or surface tractions on the notch flanks but vanish for remote mechanical loading. The remaining stress term is comprised of several stress fields of the form K n m r km À1 . When two or more stress fields of the form K n m r kmÀ1 exist near the notch corner, one pair of K n m and k m À 1 describes one stress field, and the total stresses are determined by superposing contributions from all stress fields. There are an infinite number of values k m which satisfy the eigenvalue equations. Both the stress intensity factor and the stress singularity may be real positive, real negative or complex, but in most circumstances, they are real constants (e.g. Qian and Akisanya, 1999; Banks-Sills and Sherer, 2002) . Although not explicitly shown in Eq. (3), there are certain special combinations of elastic properties and notch angles that can also generate logarithmic singularities (e.g. Bogy, 1971; Dempsey and Sinclair, 1979, 1981; Dempsey, 1995; Chen, 1996; Sinclair, 1999) . In this study, the power-logarithmic singularity is not considered. Moreover, only positive k m are admissible in order to ensure finite displacements at the notch tip. 
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. They are determined analytically while the eigenvalues k m ðm ¼ 1; 2; . . . ; NÞ for a given notch geometry are obtained by solving a characteristic equation. The closed-form expression for these functions will be briefly described below. More details can be found in references such as Stroh (1958); Ting (1996) ; Labossiere and Dunn (1999) ; Shang et al. (2008) .
Consider a linear elastic body with a re-entrant corner subjected to remote in-plane mechanical loading, see Fig. 1 . Without loss of generality, we focus on two singular terms, i.e. 0 < k 1 6 k 2 < 1, considering the higher order terms ðk m > 1Þ to be insignificant. The singular stress and displacement field around the notch tip can be reduced as follows:
r and h are the polar coordinates with an origin at the notch tip. For the homogeneous isotropic case, k 1 = k 2 = 1/2, corresponding to the definition by Williams (1952) and Hong and Stern (1978) . The first eigenvalue problem proceeds as follows. Employing Stroh's sextic formalism (e.g. Stroh, 1958; Ting, 1996) , the displacements u and stress function / in the material M(M = A,B) around the interface corner can be expressed by
f a are arbitrary functions of the arguments z a , where
is the complex variable. f a depend on the geometry, radial distance from the interface corner and material elastic parameters. The six complex eigenvalues p a satisfy p aþ3 ¼ p a and are the solutions of a quadratic eigenvalue problem (7). In addition, a and b are the Stroh eigenvectors, satisfy a aþ3 ¼ a a and b aþ3 ¼ b a , related through the matrices Q, R and T described in the following. p a , a a and b a depend only on the elastic stiffnesses C ijkl . Without loss of generality, the imaginary part of p a is taken to be positive. Overbars of p a ; z a ; a; b denote the complex conjugates.
Using the stress-strain law r ij ¼ C ijkl u k;l and the static equilibrium equations C ijkl u k;lj ¼ 0 with Eq. (5), the resulting eigenvalue equations can be written in matrix form as:
where 
With this, the above quadratic eigenvalue problem can be recast as a conventional six-dimensional linear eigenvalue problem
where Eshelby et al. (1953) stated that since p cannot be real if the strain energy is to be positive, we have three pairs of complex conjugates for p as well as for g. If p a and g a ða ¼ 1; 2; . . . ; 6Þ are the eigenvalues and eigenvectors, we let
where Im denotes the imaginary part. The Stroh eigenvectors are determined up to an arbitrary constant. They are normalized as
whereâ a andb a are the non-normalized eigenvectors, i.e. those that would be produced by a standard eigensolver; a a and b a represent the direction of the displacement u a and traction t a , respectively. Now we turn to the second eigenvalue problem, i.e. finding the stress singularity governed by k m . As suggested by Ting (1996, 1997); Labossiere and Dunn (1999), we choose f ðz a Þ as
where q a and h a are the unknown complex constants and will be determined by Eq. (19) once k is obtained. Using the expression z a ¼ x 1 þ p a x 2 ¼ rn a ðhÞ ¼ rðcos h þ p a sin hÞ, the displacements and tractions in a plane polar coordinate system originated at the notch tip are derived
where superscript M indicates material A or B. The second eigenvalue problem can be solved using the boundary conditions for the interface notch problem, see Fig. 1 
In the above equations,
factors are required. Once the order of the stress singularity is obtained from the asymptotic analysis above, the stress intensity factor for a sharp notch, wedge corner or a crack can be computed using the path independent H-integral approach (e.g. Shang et al., 2008; Labossiere and Dunn, 1999) . Based on Betti's reciprocal work theorem (Rogers and Causey, 1962) , the concept of this contour integral method is to combine the numerical stress and displacement solutions with an appropriate complementary field so that the value of the integral gives the magnitude of the notch stress intensity. This simple procedure comes with significant savings in computational time compared to the other approaches and also with the possibility to easily perform parametric analyses. Consider for example a closed contour C excluding the stress singularity in a planar linear elastic body, as shown in Fig. 1 . The Betti's reciprocal law in the absence of any body force can be stated as
and where ði; jÞ ¼ ðr; hÞ are the plane polar coordinates centered at the interface corner, n j is the outward unit normal to the counterclockwise closed contour C, ds is an infinitesimal line segment of C. r ij , u i are the notch corner stress and displacement fields in terms of eigenvalue k m ðk m -1Þ and stress intensity factor K n m , r Ã ij , u Ã i are complementary singular stresses and displacements satisfying the same boundary conditions as ðr ij ; u i Þ but with respect to an associated eigenvalue k Ã m and stress intensity factor K nÃ m . Note that the employed complementary field has no physical significance here. Szabó and Babuska (1988) and Wu and Chang (1993) showed that if k m is an eigenvalue for the given material properties and notch geometry, k Ã m ¼ Àk m is also the eigenvalue for the same problem. Hence, the near-tip stress and displacement fields corresponding to the eigenvalue k Ã m can be taken as the complementary fields. According to Eq. (4), they are described by
Since the integration in (20) vanishes along the traction free surfaces C 1 and C 3 . i.e. r ij n j ¼ r Ã ij n j ¼ 0, see Fig. 1 , it reduces to
On the left-hand side of Eq. (22), the contour integral is simplified to either one coefficient proportional to the stress intensity factor or a linear combination of K n 1 and K n 2 for an arbitrarily small radius e (e.g. )
where e 1 , e 2 are constants. The unstarred stresses and displacements along C 2 were taken from the asymptotic analysis, Eq. (4), while the starred stresses and displacements were employed from the complementary singular field, Eq. (21). Accordingly, only the outer contour C 4 is involved in the numerical integration for determining the desired stress intensity factors. The H-integral is defined as
and in polar coordinates, the above equation becomes For a general corner (Fig. 1) . Note that the complementary field must satisfy the equilibrium equations and traction-free conditions on the notch flanks so that the integral along the inner contour C e yields the desired stress intensity factor. Moreover, the complementary solution is chosen with eigenvalue k (2002) and Zhang and Mikkola (1992) .
Results and discussion
In this section, we apply the path independent H-integral approach to an edge notch and a 90°notch in multi-layered structures as depicted in Fig. 4 . Finite element analyses are performed with ABAQUS. Eight-noded quadrilateral, reduced integration elements were used. Plane strain conditions are assumed in all simulations and three dimensional effects are not considered. We also assume that the materials are perfectly bonded along the interface. The loading system proposed by Kitamura et al. (2002 Kitamura et al. ( , 2003 Kitamura et al. ( and 2007 has been chosen for the study. Typical material combinations in microelectronic devices are taken into consideration. The elastic properties of the materials are listed in Table 1 
Order of singularity results
The eigenvalues describing the order of the stress singularity for different material combinations are listed in Table 2 . These can be obtained analytically from Eq. (19). It can be seen that the orders of the stress singularities at Interface X vary from À0.07 to 0. Hence, Interface X displays a typical weak singularity problem. Combined with commonly used metal layer, the isotropic silicon has slightly higher singularity compared to the anisotropic silicon. For the cases such as Si/Cu, Ta/Si and TiN/Si, k is almost equal to 1, i.e., vanishing singularity. Additionally, for all the material combinations studied here, Au and Al have stronger singularities than the rest. Interface Y shows a higher singularity than Interface X.
The influence of elastic properties of bi-materials on the stress singularity
Various researchers have studied material mismatch parameters and the stress singularities at interface corners/wedges/cracks since the pioneering work described by Williams (1952 Williams ( , 1959 . By contrast, our study focuses on the evaluation of the weak singularity for a free edge interface (Fig. 2) . A wide range of elastic moduli and Poisson's ratios has been taken into account, covering most material combinations of interest in the electronic industry. The influence of elastic constants in various material combinations on the free edge singularity is displayed in the following.
First, the orders of stress singularities are illustrated for the free edge with conventional metal material, i.e., Au, Al, Cu as upper material A together with a wide range of values for
. Varying E B , it can be observed from Fig. 5 ¼ 1 and the Poisson's ratio m A ¼ m B are met, the stress singularity 1-k is zero in just one point on the abscissa, which is equivalent to the case for edge-bonded homogeneous isotropic material. The reason why we get a region of vanishing singularity instead of one point, see Fig. 5 , is due to the different value of Poisson's ratio for material A and B here. Moreover, the effect of Poisson's ratio on stress singularity is further depicted in Fig. 6 . The more the Poisson's ratio of material A deviates from 0.3, the wider is the range of the no-singularity zone (k P 1). For example, no stress singularity occurs when the Poisson's ratio of material A equals 0.45 and its Young's modulus ranges from 140 to 230 GPa. Similarly, the singularity vanishes when the Poisson's ratio of material A equals 0.2 and its Young's modulus varies from 90 to 160 GPa. When the Poisson's ratio of material A equals 0.3, the range of its Young's modulus to reach no-singularity shrinks to around 150 GPa. 
Standardized numerical formulae for the stress intensity factor
For a practical application of the H-integral, standardized numerical formulae for calculating the stress intensity factor for the specimens considered in this study can be derived. Since K n m has the dimension of ðstressÞðlengthÞ 1Àkm , it is impossible to compare the magnitude of the stress intensity factor for different material combinations even if the notch geometry is the same. With the aim of a quantitative measure of the stress intensity factor for various materials and applied loads, the following non-dimensional stress intensity factor (e.g., Labossiere and Dunn, 1999; Carpinteri et al., 2006) can be used
where a, w, t, t 0 , P, L, b, and h denote, respectively, the bond length, substrate width, conductor layer thickness, nominal/characteristic thickness, concentrated force, and span, width and height of the steel beam (Fig. 4) , whereas Y is a shape function depending on Such relationships can be derived for other material combinations as well.
Effects of material mismatch, conductor layer thickness, and bond area on the dimensionless stress intensity factor Y
The aim of this section is to present a parametric study including the effect of material mismatch, thin film thickness, and bond area on the singular stress field.
Using the geometry, loading and mesh illustrated in Fig. 4 as a basis, material combinations are chosen relevant to the integrated circuits industry. The effect of the elastic mismatch on stress intensity factor is investigated here. Alternative conductor layers of copper (Cu), gold (Au) or aluminium (Al) are employed for material A, see Fig. 2 . For the free edge interface (Interface X), it can be observed from Fig. 8 that the structure with a Cu layer yields the highest dimensionless stress intensity factor Y n 1 , followed by that with Au and Al layer. Comparison between isotropic Si and anisotropic Si substrate is also included. Anisotropy of the Si substrate has a significant influence on the stress intensity factor when combined with an Au or Al metal layer but not with a Cu layer. Unlike the response of the structure with a Cu layer, the stress intensity factor for an isotropic Si substrate is lower than that for an anisotropic Si substrate with the other two metal materials. We believe this is due to the copper and isotropic silicon having similar elastic constants and single crystal silicon being only slightly elastically anisotropic (Suwito, 1997) . Besides, Au and Al have similar performance owing to E Au E Al % 1. It is not surprising that the influence of the metal material properties and the anisotropy of silicon substrate on the stress intensity factor for the 90°sharp notch (interface Y) is insignificant. Fig. 8 also shows the effect of thin-film thickness on the dimensionless stress intensity factor. In these simulations, the bond area is kept constant (a = 1.7 mm), the thin film thickness equal to 50, 100, 200, 300, 500, 750 and 1000 nm are analyzed. It turns out that the magnitude of stress intensity factor for interface X approaches a constant value with increasing the thickness of metal layer. It is clearly shown that the contribution of thin-film thickness needs to be considered in order to accurately describe the singular stress state in the vicinity of free edge interface when the metal layer is less than 300 nm thick. That is to say, the stress intensity factor is sensitive to thin-film thickness in some cases whereas the thickness component can be ignored in considering the dimensionless stress intensity factor when metal layer is above a certain thickness. On the other hand, the stress intensity factor decreases with the increasing conductor layer thickness but the variation of metal g(t/t 0 )=0.721*(t/t 0 ) (-0.195 ) Fig. 7 . The power function f ða=wÞ and gðt=t0Þ for isotropic Au/Si multi-layered structure.
Table 3
Fitting of the H-integral solutions for isotropic Au/Si multi-layered structure. layer thickness has no contribution to the change of singular stress field for Interface Y.
In addition, the effect of the bond width is depicted in Fig. 9 . In this case, the metal layer (Au) remains 200 nm thick ð ¼ 0:2Þ, the isotropic silicon substrate thickness is 3.4 mm whereas the bond width is varied from 1.7 to 2.5 mm. The stress intensity factor for Interface X clearly decreases with the bond area but change insignificantly for Interface Y.
The competition between the 90°notch interface and the free edge interface
It is of interest to discuss the competition of crack initiation between the free edge interface (Interface X) and the 90°notch interface (interface Y) in the chosen specimens. The dimensionless stress intensity factor Y is higher for the former than for the latter as shown in Fig. 8 . But the stress field is governed by the combina- tion of Y and k, i.e., the stress is proportional to Y r 1Àk . In the competition between notch X and Y this has to be considered. For notch Y, k is 0.7049, and for notch X, k is an order of magnitude less. In addition, the fracture resistance for the material at notch X and Y will differ. Hence, the fracture competition is governed by the set (K or Y, k, fracture resistance) of notch X and Y, respectively.
Applicability of the H-integral and existence of the K-dominated field
The proposed H-integral approach is based on the assumption of anisotropic elasticity with the dominance of a K-field. The asymptotic solution has poor approximation very close to and far away from the interface corner. Stress singularity at the notch tip is only theoretically possible as the notch root radius will be finite, the material can be non-linear and inhomogeneous. Provided that the inelastic zone is much smaller than the K-dominated field, the stress obtained from the asymptotic analysis can reflect the actual stress state. The plastic region is controlled by the yield stress. Following the work of Irwin (1960) , the plastic zone size is estimated by Banks-Sills and Sherer (2002) for dissimilar isotropic bi-material and by Suwito (1997) for anisotropic silicon. In our investigation, since the analyses are for linear elastic materials, it is assumed that the plastic zone size is very small, i.e., small scale yielding conditions hold at the interface corner.
Far away from the notch tip, the solution is perturbed by finite boundaries and loading so that K n m can no longer characterize the actual stress state and then higher order terms are required to describe the behaviour. As a result, the asymptotic solution has a limited domain of validity.
To quantify the extent of the region dominated by the K-field and validate the applicability of the H-integral approach, finite element calculations were performed for diverse material combinations, illustrated in Fig. 10 Furthermore, a full singular stress field can be developed in an infinite bi-material system. Crack initiation is clearly governed by this K-dominated field. However, this is not always the case for a multi-layered thin film system. The extent of the singular field is strongly influenced by finite geometry, such as the thin film thickness. It is possible to evaluate the size of K-field by comparing the asymptotic solution to a detailed FE numerical analysis. Consider an Au layer bonded with a 1.7 mm wide isotropic silicon substrate. Fig. 11 shows the interface stress r hh from detailed finite element analysis with varying metal layer thickness subjected to remote load of 200 lN. Regarding a 5% deviation of predicted r hh calculated from the H-integral approach from the detailed FE results, Fig. 12 further shows the relationship between the valid range of K-field and the thin-film thickness for the free edge interface. The thicker the metal layer, the more extensive is the valid range of K-field for interface X. In contrast to Fig. 10 , the valid K-field is much larger for Interface Y displayed in Fig. 13 . It should be also pointed out that even though the metal layer thickness reaches nanometer scale, the stress intensity factor K n m can still characterize the singular stress field. The H-integral approach is a sufficient and effective way to evaluate the interface failure for multi-layered thin film structures, remembering that the selection of the outer contour should be neither very close to nor far away from the notch tip. It should also be noted that inaccuracy of the stress intensity factor can be induced by the numerical approximations made in the finite element calculation and by the numerical integration scheme adopted to calculate the H-integral. It can be improved by generating a reasonable finite element mesh and choosing a contour with a reasonable number of integration points, sufficiently far from the notch tip (e.g., Carpenter, 1984a,b; Banks-Sills, 1997; Dunn, 1998, 1999; Banks-Sills and Sherer, 2002) . It has also been observed that the choice of the integration path is less significant for Interface Y than that for Interface X.
A failure criterion based on the critical concentrated stress r fc (Kitamura et al., 2007) has been proposed to characterize the crack initiation. It was shown that the slope of interface stress is very moderate and the stress near the edge is almost constant in the nanometer (or atomic) range among the specimens with metal layer (200 nm thick) in the region of r < 500 nm. However, our study found that an observable stress gradient exists for both Interface X and Interface Y shown in Figs. 11 and 14. Besides, from the magnified view of stress distributions near the free edge interface, see Fig. 15 , it indicates that the stress gradient is significant for the specimens with metal layers thinner than 100 nm. As a consequence, we believe that the critical stress intensity factor is a feasible and alternative method to correlate crack initiation compared with critical failure strength for the problem shown in Fig. 3 . However, when the thin-film thickness is very low and the elastic singularity may not dominate a region compared to the inelastic zone, it may be possible that K n m no longer is feasible for fracture initiation prediction. Note that from Table 2 , the slope of the stress versus r curves for this material combination should ideally be À0.0668. Some deviation from this value appears in the slopes in Fig. 15 . This is due to the influence of the layer thickness and some inaccuracies, and the finite element meshes employed to get these very detailed stress results close to the notch tip.
It is also worth noting that the deformation is actually mixedmode for an interfacial notch with dissimilar materials. Interface shear stress and normal stress for Au(200 nm)/Si case with in Fig. 16 . Note that the shear stress along the interface is much lower than the normal stress. Mode I deformation is dominating in the cases analyzed here. Again, one typical case of Au (200 nm)/Si was chosen for comparison, as depicted in Fig. 4 . Finite element calculations were performed with the applied load equal to the failure load 0.6 N (Kitamura et al., 2007) . The free edge fracture toughness attained from H-integral approach is 5.8 MPa m 0.067 , which matches well with 5:3 AE 0:5 MPa m 0.067 from the literature (Kitamura et al., 2007) . Therefore, this comparison suggests that the critical mode I stress intensity factor can be used to correlate the onset of fracture at the interface corner.
A possible criticism of H-integral approach arises in that we have disregarded the possibility of plastic deformation in ductile metal layer. To check the validity of this approximation, elasticplastic analysis was executed to allow plastic deformation in the metal layer. Taking Au(200 nm)/Si as an example and assuming the elastic-linear hardening model with a yield stress of 160 MPa and a hardening modulus of 8.3 GPa. Applying the critical delamination load P c ¼ 0:6 N from Kitamura et al. (2007) to the specimen, it is observed that no plastic strain occurred in the finite element analysis. An explanation for this is that the relatively stiff silicon substrate and the steel cantilever compared with the compliant gold film restrain the plastic deformation of the metal layer. On the other hand, given that silicon exhibits no observable plasticity at room temperature (Lawn, 1995) , it is reasonable to assume the K-field is relatively large compared to the plastic zone at the notch tip. This is further supported by Sinclair and Lawn's (1972) calculation, which shows that strong crack tip non-linearities extend only a few atomic spacings from the crack tip.
Conclusions
Our study shows that the H-integral is a feasible and a reliable approach to compute the edge stress intensity factor in multi-layered structural components with weak singularities. The asymptotic analysis provides the basis for a proper modelling of the singular stress field and illustrates the dependence of stress singularity on elastic mismatch parameters. The stress intensity factors are obtained for a wide range of material and geometry parameters. A wide range of material combinations which commonly appear in the integrated circuits industry is considered. The effects of elastic mismatch, bond area and metal layer thickness on the stress intensity factor have been quantified. The proposed approach is favourable from an engineering point of view, due to the fact that such situations are occurring very frequently in composite structural elements and it can be used as a supplement for a preliminary design of new components.
Furthermore, the analysis of the competition for crack initiation between a free edge interface and a 90°notch interface in the chosen specimen has been presented and the question of prevailing failure mode in multi-layered structural components is addressed. Due to the possibility to shift the crack initiation site between two different notch interfaces, sufficient attention should be paid to this issue.
The applicability of the H-integral approach and existence of the K-dominated field has been studied. The extent of the singular field is assessed by comparing the asymptotic solution to the detailed Finite Element analysis of the stress fields. It is observed that the valid range of the K-field is strongly influenced by thin-film thickness. The relation between the K-field and thin-film thickness is depicted as well. Again, to demonstrate the accuracy of this contour integral approach, example problems are considered and results are in good agreement with those from the literature.
In addition, plastic deformation in the ductile material, anisotropy of the silicon substrate and different failure criterions have been explored. Standardized numerical formulae have also been provided to for practical application of the H-integral.
Note that the grown of thin interlayers between the Silicon substrate and the steel cantilever is not considered in the present study. This hypothesis results in perfectly bonded interfaces, assuming no relative displacements between each other. The validity of this hypothesis deserves further discussion (e.g., Sinclair, 1996; Carpinteri and Paggi, 2008) .
